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(Received 11 June 2015; accepted 13 July 2015; published online 22 July 2015) Electron doping by hydrogenation can reversibly modify the electrical properties of complex oxides. We show that in order to realize large, fast, and reversible response to hydrogen, it is important to consider both the electron configuration on the transition metal 3d orbitals, as well as the thermodynamic stability in nickelates. Specifically, large doping-induced resistivity modulations ranging several orders of magnitude change are only observed for rare earth nickelates with small ionic radii on the A-site, in which case both electron correlation effects and the meta-stability of Ni 3þ are important considerations. Charge doping via metastable incorporation of ionic dopants is of relevance to correlated oxide-based devices where advancing approaches to modify the ground state electronic properties is an important problem. V C 2015 AIP Publishing LLC.
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Hydrogen interaction with complex oxides has seen a resurgence in interest in recent years from both scientific and technological perspectives. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Unlike the hydrogen induced passivation of dangling bonds due to forming gas (such as hydrogen-nitrogen mixtures) annealing observed in covalent semiconductors, 1 interactions of hydrogen with correlated oxides usually lead to more complex effects as a result of the interplay between different degrees of freedom.
2-14 Hydrogen can profoundly modify electronic properties through doping, structural distortions, or in some cases simply by reducing the oxide compounds and/or corresponding changes in cation valence state depending on the specific material system. Another interesting aspect for hydrogenation of oxide materials is the modification of electrical properties by electron doping. Hydrogen may also diffuse into the oxides and directly donate electrons to the conducting band that modify the bulk conductivity of the material as in ZnO, WO 3 , VO 2 , etc.
4-14
In contrast to the situation for these binary oxides, a colossal increase in resistance of around eight orders of magnitude has been recently observed when annealing SmNiO 3 in hydrogen with the presence of Pt catalyst.
14 In SmNiO 3 , electron doping changes Ni 3þ to Ni 2þ and induces a phase transition from originally a semiconducting phase with a band gap of $10 2 meV or a metallic phase (depending on whether sample temperature is above or below the metalinsulator transition temperature) to a strongly correlated insulating phase with a large band gap.
14 A natural question is whether such an effect is universal to the family of rareearth nickelates or can be observed in other conducting complex oxides, and what are the associated dynamics. In this letter, we show experimental evidence that both 3d orbital electron configuration as well as thermodynamic stability of the phase are important in realizing large resistance changes upon hydrogenation. The hypothesis was verified by examining hydrogen doping kinetics in rare-earth nickelate family, ReNiO 3 (Re ¼ Sm, Eu, Nd, and La), in comparison with identical experiments performed on representative conducting oxides such as Ca 3 Co 4 O 9 , La 0.6 Sr 0.4 MnO 3 , and SrNb 0.4 Ti 0.6 O 3 . We show that the large resistance modulations can be realized in nickelates because the specific 3d electron configuration on Ni leads to strong correlation effect upon electron doping. On the other hand, within the rare earth nickleates with the same 3d electron configuration, the A site ionic radii play an important role in the response of oxides to hydrogen exposure, which can be in turn related to the stability of Ni 3þ state. With the presence of Pt catalyst, the hydrogen is typically dissociated when crossing the interface between the Pt electrode (1/2H 2 ! H þ þ e À ) and diffuses into the oxide material. 14 In ReNiO 3 , the added electron changes Ni 3þ into Ni 2þ , which results in a strongly correlated electron configuration on Ni as illustrated in Figure 1 Author to whom correspondence should be addressed. Electronic mail: jikunchen@seas.harvard.edu. state allowing electron transport to occur without overcoming on-site Coulomb repulsion. Therefore, electron doping can potentially induce large increase in the resistivity. On the other hand, in semiconducting oxides such as doped-SrTiO 3 , the added electrons increase free carrier density and therefore conductivity, 15 as shown in Figure 1 (b), and have been previously observed for ZnO or SrTiO 3 .
4-8 Similarly, in p-type conductive oxides such as Ca 3 Co 4 O 9 (conduction dominated by Co 4þ ) and La 0.6 Sr 0.4 MnO 3 , the added electron compensates holes [15] [16] [17] [18] [19] and would therefore lead to decreased conductance. Based on the above discussions, it can be seen that non-trivial (not simply empty or full) 3d 0 electron configuration can be realized in rare earth nickelates compared with some other conductive oxides, and therefore one may expect that the electron correlation-driven phase transition may lead to localization and large change in resistivity of the materials. In addition, polarons are likely to form in especially nickelates due to strong electron-lattice coupling. 20 Both polaron conduction and the Coulomb gap created by the strong electron correlation may need to be considered in electrical transport mechanisms.
In order to validate our hypothesis on the mechanisms of electron doping in 3d complex oxides, self-limited hydrogenation processes have been performed on these oxides. The rare earth nickelates, Nb-doped SrTiO 3 , and La 0.6 Sr 0.4 MnO 3 were grown epitaxial on either LaAlO 3 , SrTiO 3 , or NdGaO 3 substrates, while Ca 3 CoO 9 films were textured on Si(001) (supplementary material 21 ). Pt electrodes have been patterned on the surface of oxide thin films, which split hydrogen molecules into protons and electrons. 22, 23 Figures 2(a)-2(f) show, respectively, the modulation in resistance of ReNiO 3 (Re ¼ La, Nd, Sm, and Eu), Ca 3 Co 4 O 9 , and SrNb 0.4 Ti 0.6 O 3 upon exposure to 5%H 2 /95%Ar followed by recovery in air at room temperature. Their crystal structures are illustrated in Figure 2 : ReNiO 3 , [24] [25] [26] [27] [28] [29] and SrNb 0.4 Ti 0.6 O 3 15 possess a perovskite structure (ABO 3 ), while Ca 3 Co 3 O 9 possesses a layered structure where the CoO 2 (CdI 2 -type) and Ca 2 CoO 3 (rock-salt-type) layers are alternatively stacked along the caxis. [17] [18] [19] As shown in Figures 2(a)-2(d) , the resistance of ReNiO 3 increases and reaches a self-limiting plateau (R 1 ). The largest value for R 1 /R 0 (that is, reversible) is observed for EuNiO 3 , followed by SmNiO 3 and NdNiO 3 , while LaNiO 3 possesses the smallest R 1 /R 0 , noticing the relationship in rare earth radii of (Eu < Sm < Nd < La). By stopping the hydrogen flow and flowing air, the resistivity of SmNiO 3 , NdNiO 3 , and LaNiO 3 gradually reduces back to the initial value, which indicates the reversible de-hydrogenation process and therefore the metastable incorporation of hydrogen, while it is irreversible for EuNiO 3 .
The resistance of both Ca 3 Co 4 O 9 and La 0.6 Sr 0.4 MnO 3 (p-type) [16] [17] [18] [19] increases (Figures 2(e) and S2 ), while the resistance of SrNb 0.4 Ti 0.6 O 3 (n-type) reduces before reaching steady state (Figure 2(f) ), which agrees well with the predicted trends based on the 3d electron configuration. When compared to similar experiments performed on ReNiO 3 , a much smaller R 1 /R 0 is seen in Ca 3 Co 4 O 9 , La 0.6 Sr 0.4 MnO 3 , and SrNb 0.4 Ti 0.6 O 3 . This result shows that electron correlation is indeed important to realize large resistance modulation. When the hydrogenation process was performed at elevated temperatures, a larger variation in resistance and faster kinetics can be observed in supplementary material. 21 The conductivity relaxation kinetics is modeled as: r t Àr 0 r 1 Àr 0 ¼ 1 À expðÀK ex tÞ, where r t is the conductivity at a particular instant in time, while r 0 and r 1 represent the initial and plateau conductivity, respectively. 30, 31 The kinetic constant, K ex , describing how fast the resistance reaches the stationary state reflects the dynamics of the hydrogen exchange. Figures 3(a) and 3(b) summarize K ex and R 1 /R 0 for the investigated rare-earth nickelates as a function of the rare earth ion size during the hydrogenation process, respectively, with the ionic radii data are taken from the previous experiments. 27 It is clearly seen that with the reduced atomic radii of the rare-earth elements, an increased R 1 /R 0 as well as K ex is observed, which implies more effective hydrogen doping process from Re ¼ La to Eu. The R 1 /R 0 for EuNiO 3 may be underestimated because the resistance is reaching our measurement limit. The general trend can be explained by the relative stability of the Ni 3þ state in the rare earth nickelates. In order to induce large resistance change, it is desired for the material to spontaneously incorporate hydrogen and therefore to have large thermodynamic driving force for the reaction to happen. This would qualitatively require less stability of Ni 3þ valence state as compared to Ni 2þ . It has been noted that increasing Re radius increases the tolerance factor and stabilizes the Ni 3þ valence state. 26, 27 The formation energy of ReNiO 3 as a function of the ionic radii of the rare earth element has been described as DG With decreasing Re ion radii, the Ni 3þ valence becomes less stable, its tolerance factor deviates from unity, and the structure becomes less stable. 28, 32 Because the total formation energy becomes positive with smaller A site ion size, the intercalation of hydrogen would lower the Gibbs free energy of the system, 33, 34 and therefore, can happen spontaneously for ReNiO 3 with smaller A site rare earth ions. If the A site ion is too small, however, for the EuNiO 3 case, the Ni 3þ state becomes much more unstable leading to large but irreversible hydrogen response.
The initial hydrogen incorporation rate will be mostly determined by the thermodynamic driving force, whereas the diffusion of hydrogen in perovskites is related to the crystal open volume. At room temperature, EuNiO 3 and SmNiO 3 are in their insulating monoclinic phase, while NdNiO 3 and LaNiO 3 are in their metallic phase with higher crystal symmetry. The crystal structure difference may contribute to the difference in the hydrogen diffusion coefficient. However, the open volume change due to the symmetry lowering is less significant that that caused by the A site ion size that can be modified by $10%. In addition, the crystal structure and the stability of Ni 3þ are coupled though the tolerance factor (i.e., A-site ionic radius).
The above understanding is supported by the X-ray photoelectron spectroscopy (XPS) investigation on the changes in transition metal valence state before and after the hydrogenation process. Figure 4(a) Figures 4(b)-4(d) , the XPS spectra for LaNiO 3 , SmNiO 3 , and EuNiO 3 are compared before and after the hydrogenation process. The XPS spectra of single valence-state Ni species cannot be described by a single peak due to multiplet splitting and electronic screening effects. 36, 37 However, the major Ni(2p3/2) peak shifts to lower binding energy state after hydrogenation, which indicates a decrease in the average valence state in SmNiO 3 (Figure 4 (c)) and EuNiO 3 (Figure 4(d) ) after hydrogenation. In comparison, less pronounced shift of Ni(2p3/2) peak towards lower binding energy has been observed for LaNiO 3 . The trends in the average Ni 2p3/2 peak shift in ReNiO 3 series agree with the prediction based on the correlation between thermodynamic stability and the rare earth ionic radii.
Apart from the surface-sensitive XPS results, the differences in hydrogenated nickelates as compared to LaNiO 3 or SrNb 0.4 Ti 0.6 O 3 can be directly distinguished visually ( Figure  S1(b) ). X-ray diffraction from hydrogenated LaNiO 3 and EuNiO 3 further supports the thermodynamic stability argument ( Figure S6 ).
In summary, electron correlation leads to striking resistance changes in rare earth nickelates, different from conducting oxides such as La 0.6 Sr 0.4 MnO 3 , Ca 3 Co 4 O 9 , or SrNb 0.4 Ti 0.6 O 3. The electron doping localizes 3d carriers on Ni and opens up a bandgap due to the strong Coulomb repulsion. The thermodynamic stability related to the formation energy of ReNiO 3 predicts a distinct trend in resistivity modulation in rare-earth nickelates, which was observed experimentally. This significantly influences the modulation of the resistivity during hydrogenation from both kinetic and static aspects. These studies could be useful to further advance experimental techniques to reversibly modify charge transport in oxides where strong correlations influence ground state electronic behavior, while the reversible modulation of conductance via ionic doping can be useful for developing resistive switches or chemical sensors. C for 20 min. The peak locations of the Ti(III) and Ti(IV) 2p peaks match well with literature value. 35 For Ni, the XPS spectra of single valence-state compounds cannot be fitted by a single peak due to multiplet splitting and satellite features 36 but is rather described by a sum of multiple peaks, resulting primarily in qualitative analysis of Ni 2þ /Ni 3þ ratio. It has been shown that the lowering of nickel average valence state (i.e., increasing Ni 2þ portion) decreases the binding energy of the major Ni 2p peak, 37 as is observed after the hydrogenation process in our sample. Smaller change in the XPS spectra is observed in LaNiO 3 compared with SmNiO 3 and EuNiO 3 in accordance with the reduced change in resistance during hydrogenation.
